Form  Approved 
OMB  No.  0704-0188 


Report  Documentation  Page 


Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 
VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  OMB  control  number. 


1.  REPORT  DATE 

2008 

2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-2008  to  00-00-2008 

4.  TITLE  AND  SUBTITLE 

Integration  of  Optical  Protein  and  Quantum  Dot  Films  for  Biosensing 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS (ES) 

Department  of  Mechanical  Engineering-Engineering 

Mechanics, Michigan  Technological  University, Houghton, MI, 49931 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS  (ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

See  also  ADM002137.  Proceedings  of  the  2008  IEEE  International  Conference  on  Nanotechnology  (8th) 
Held  in  Arlington,  TX  on  August  18-21,  2008.  U.S.  Government  or  Federal  Rights  License 


14.  ABSTRACT 


15.  SUBJECT  TERMS 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 
ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF 
RESPONSIBLE  PERSON 

a.  REPORT 

unclassified 

b.  ABSTRACT 

unclassified 

c.  THIS  PAGE 

unclassified 

Same  as 
Report  (SAR) 

3 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std  Z39-18 


Integration  of  Optical  Protein  and  Quantum  Dot 

Films  for  Biosensing 

Mark  Griep1,2’* ,  Govind  Mallick2 ,  Donald  Lueking3 ,  Craig  Friedrich1 ,  and  Shashi  P.  Kama2,  Senior  IEEE  Member 
department  of  Mechanical  Engineering-Engineering  Mechanics,  3  Department  of  Biological  Sciences 
1,3 Multi-Scale  Technologies  Institute,  Michigan  Technological  University,  Houghton,  MI  49931  USA; 

2 ATTN:  AMSRD-ARL-WM-BD,  US  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  MD  21005; 

*E-mail:  mhgriep@mtu.edu 


Abstract-  The  unique  energy  transfer  interaction  between  the 
optical  protein  bacteriorhodopsin  (bR)  and  CdSe/ZnS  quantum 
dots  (QDs)  provides  a  potential  modulation  mechanism  for  bio- 
nano  electronic  application.  We  have  utilized  ionic-self  assembled 
monolayer  (I-SAM)  techniques  to  create  a  novel  alternating 
monolayer  system  of  QDs  and  bR  on  a  conductive  ITO  substrate. 
Results  demonstrate  the  ability  to  efficiently  create  bR/QD 
multilayer  films  along  with  the  ability  to  control  bR/QD  spacing 
on  the  nanometer  scale.  I-SAM  films  of  this  nature  demonstrate  a 
sharp  decrease  in  QD  emission  when  deposited  in  close  proximity 
to  bR,  suggesting  possible  fluorescence  resonance  energy  transfer 
(FRET)  effects  in  a  bR/QD  nanoscale  system.  The  ability  to 
modulate  the  QD  photonic  output  based  on  proximity  to  bR  in  the 
I-SAM  films  could  provide  a  direct  method  to  modulate  the 
electrical  output  for  bio-nano  sensing  applications. 

I.  Introduction 

The  evolutionary  development  of  biological  systems  has 
created  an  array  of  natural  nano-scale  materials  with 
capabilities  beyond  that  of  current  technology. 
Bacteriorhodopsin  (bR)  is  one  such  material  that  has  been 
intensely  studied  over  the  years  due  to  its  inherent  ability  to 
function  as  a  light-driven  proton  pump  [1].  Structurally  similar 
to  the  visual  rhodopsin  found  in  the  mammalian  eye,  bR 
strongly  absorbs  visible  light  in  the  570nm  spectral  region  due 
to  the  attached  retinal  chromophore  (vitamin  A).  With  the 
absorbed  photonic  energy,  the  retinal  undergoes  a  cis-trans 
isomerization  and  initiates  a  proton  pumping  mechanism  that 
can  be  sensed  via  an  electronic  substrate.  For  engineered 
applications,  the  fact  that  bR  is  an  integral  membrane  protein 
purified  into  cell  membrane  fragments  known  as  purple 
membrane  (PM),  a  crystalline  structure  is  provided  that  allows 
the  protein  to  remain  functional  over  a  wide  range  of 
environmental  conditions  [2]. 

In  the  present  research  efforts,  the  photoelectric  properties  of 
bR  are  utilized  as  the  transducer  substrate  in  a  bio-nano  sensing 
device.  The  proposed  sensing  mechanism  is  achieved  by 
harnessing  the  energy  transfer  interactions  of  bR  and  colloidal 
quantum  dots  (QDs)  at  the  nano- scale.  Previous  efforts  in  our 
group  have  shown  the  ability  for  QDs  to  photonically  activate 
the  bR  photocycle  on  the  macroscale  [3]  along  with  suggesting 
a  fluorescence  resonance  energy  transfer  (FRET)  relationship 
in  a  bR/QD  aqueous  system  [4].  As  shown  in  Figure  1,  the 
QDs  can  be  selected  to  allow  for  maximal  overlap  of  the  QD 
emission  and  bR  absorbance  peak. 


Wavelength  (nm) 


16000000 

14000000 

12000000  CL 

o 

10000000 

8000000  .2 

U) 

6000000  ~ 
4000000  Uj 
2000000 
0 


Fig.  1.  Optical  absorption  and  emission  properties  of  size  selected  TGA- 
capped  CdSe/ZnS  QDs  along  with  the  absorbance  spectra  of  bR. 


To  further  study  the  bR/QD  interactions  in  a  dried  state, 
particularly  the  potential  FRET  coupling  relationship,  nano¬ 
scale  assembly  techniques  must  be  utilized  as  the  FRET 
relationship  is  only  achieved  with  sub-lOnm  bR/QD  separation 
distances.  In  order  to  achieve  close  proximity  along  with  a  high 
degree  of  film  orientation  we  have  used  Ionic  Self  Assembled 
Monolayers  (I-SAMs)  techniques  which  utilize  the  inherent 
charge  on  the  material  to  build  alternate  positively/negatively 
charged  monolayers  through  electrostatic  adsorption.  The 
utility  of  the  I-SAM  technique  has  been  separately  explored  for 
both  bR  [5,6]  and  QD  [7-9]  thin  film  deposition.  The  results 
from  He  et  al.  [6]  in  particular  demonstrate  that  bR  retains  its 
functionality  in  these  films,  thus  it  is  feasible  to  utilize  the  I- 
SAM  method  as  a  means  of  creating  multi-layer  bR/QD  thin 
films  for  bio-nanoelectronic  applications. 

II.  Experimental 

The  bR  used  in  these  studies  was  obtained  from  H. 
Salinarium  strain  S9P  and  prepared  on-site  according  to 
standard  methods  [10]  which  are  described  in  further  detail  in 
the  supplementary  section.  For  the  I-SAM  work,  the  bR  was 
suspended  in  Milli-Q  distilled  and  deionized  (ddl)  water  at  pH 
9.4  to  facilitate  a  strong  negative  dipole  with-in  the  protein 
[11].  The  QDs  used  in  this  study  are  CdSe(core)  -  ZnS(shell) 
capped  with  thioglycolic  acid  (TGA)  to  give  the  QDs  a  strong 
negative  charge  [12].  The  QDs  were  prepared  according  to 
previously  published  procedures  and  suspended  in  0.05M 
NaOH  [12].  The  optical  properties  of  the  bR  and  TGA-capped 
QDs  are  shown  in  Figure  1.  It  can  be  noted  that  the  size  of  the 
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CdSe/ZnS  QDs  was  specifically  selected  as  to  focus  maximal 
photonic  emission  in  the  general  570nm  absorption  vicinity  of 
bR.  The  bR  and  QD  absorption  spectra  in  Figure  1  are 
normalized  and  thus  not  quantitatively  comparative,  but 
bR/QD  I-SAM  studies  suggest  that  each  monolayer  of  TGA- 
capped  CdSe/ZnS  QDs  had  approximately  twice  the 
absorbance  peak  magnitude  (at  545nm)  than  the  bR  570nm 
absorbance  peak  (data  not  shown). 

The  ITO  substrates  (5x25x0. 5mm)  upon  which  the  I-SAM 
films  were  constructed  were  cleaned  using  standard  techniques 
and  a  negative  surface  charge  was  achieved  by  placing  the 
substrates  into  a  2%  KOH  solution  and  agitating  for  30  minutes 
in  an  ultrasonic  bath.  All  ITO  slides  were  stored  in  Milli-Q  ddl 
water  until  use.  Polydimethyldiallyammonium  chloride 
(PDAC)  was  prepared  to  2mg/ml  in  0.5M  NaCl  pH  6.8 
solution  for  use  as  the  positively  charged  I-SAM  material. 

The  dipping  mechanism  of  a  Langmuir-Blodgett  trough 
(KSV-2000)  was  used  to  dip  the  ITO  substrate  in  a 
stable/consistent  manner  to  the  desired  adsorbing  material. 
The  monolayers  were  assembled  by  submerging  the  ITO  slide 
into  the  solution  of  the  desired  material  for  a  set  length  of  time: 
bR-5minutes,  QDs-lOminutes,  PDAC -5  minutes.  Each 

adsorption  period  was  followed  by  a  thorough  rinse  in  pH  9.4 
Milli-Q  ddl  and  the  substrate  was  dried  with  nitrogen. 
Experiments  were  performed  building  bR/PDAC  bilayers, 
QD/PDAC  bilayers,  and  bR/PDAC/QD  trilayers.  The 
absorption/emission  properties  of  the  I-SAM  multi-layered 
films  were  measured  on  a  Perkin-Elmer  Lambda  950 
UV/VIS/NIR  spectrometer  and  a  Jobin  Yvon  Horiba  Fluormax 
3,  respectively.  Topography  measurements  were  performed 
with  a  Veeco  CP-II  atomic  force  microscope  (AFM). 

Measurements  of  the  electrical  activity  of  the  bR  I-SAM 
films  were  performed  with  a  Keithley  4200  SMU.  A  test 
fixture  was  created  to  precisely  control  contact  between  the 
thin  protein  film  and  a  top  ITO  electrode. 
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Fig.  2.  AFM  images  of  (a)  I-SAM  PM  monolayer,  (b)  corresponding  height 
profile  showing  the  protein  membrane  fragments,  and  comparative  3D- 
topography  of  (c)  I-SAM  PM  monolayer  and  (d)  blank  ITO. 


III.  Results  and  Conclusions 

For  a  baseline  control,  I-SAM  films  of  both  bR/PDAC 
bilayers  and  QD/PDAC  bilayers  were  separately  assembled. 
As  shown  in  Figure  2,  AFM  images  confirm  the  absorption  a 
single  PM  monolayer  patches  which  corresponds  to  the 
published  PM  thickness  of  5.5nm.  Certain  sections  display 
membrane  overlap  with  thicknesses  around  llnm  which  has 
been  observed  in  previous  studies  [11]. 

The  bR/PDAC  bilayer  assembly  was  monitored  by  the 
570nm  absorption  peak  of  bR  and  demonstrated  stable  film 
deposition  up  to  12  bilayers  as  shown  in  Figure  3.  The  inset  of 
Figure  3  shows  the  linear  growth  in  bR  absorbance 
corresponding  to  each  deposited  layer.  Figure  4  shows  the 
photovoltaic  response  of  a  12  bilayer  bR/PDAC  I-SAM  film, 
which  is  similar  to  the  response  observed  down  to  a  3  bilayer 
system. 

As  shown  in  Figure  5,  QD/PDAC  bilayer  films  were  created 
and  show  a  linear  increase  in  570nm  QD  emission  as  each 
bilayer  was  assembled.  This  inset  in  Figure  5  tracks  the  570nm 
QD  emission  for  each  deposited  layer  and  demonstrates  a 
linear  increase  on  QD  photonic  output  for  each  added  layer. 


Fig  3.  bR  absorbance  spectra  for  select  bR/PDAC  bilayers  as  it  is  assembled. 
Bilayers  constructed  on  negatively  charded  ITO  with  PDAC  (+)  and  bR  (-) 
being  alternately  deposited.  Inset  tracks  570nm  absorbance  of  the  bR  retinal 
during  consecutive  bilaver  denositions. 
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Fig.  4.  Photoelectric  response  of  a  12  bilayer  bR/PDAC  I-SAM  film  excited 
by  a  50mW  incident  halogen  light  source. 
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Fig.  5.  QD  fluorescence  emission  for  each  QD/PDAC  I-SAM  bilayer  as  it  is 
assembled.  Inset  displays  linear  trend  in  QD  monolayer  assembly. 

With  the  results  confirming  that  bR/PDAC  and  QD/PDAC 
bilayer  I-SAM  films  could  be  separately  constructed  with  the 
current  method,  emphasis  was  placed  on  the  integration  of  bR 
and  QDs  into  a  multilayered  I-SAM  film.  The  layering 
structure  of  the  first  layer  of  this  conjugate  system,  for 
example,  is:  ITO-PDAC-bR-PDAC-QD,  with  the  pattern 
repeating  (excluding  the  ITO)  for  consecutive  layers.  The 
bR/PDAC/QD  conjugate  film  growth  can  be  tracked  by 
monitoring  the  increasing  QD  emission  peak  (^=570nm),  as 
shown  in  Figure  6. 

Results  show  a  linear  increase  in  QD  emission  following 
each  full  trilayer  deposition.  Compared  to  the  QD/PDAC 
bilayer  I-SAM  films,  there  was  on  average  a  20%  reduction  in 
QD  emission  for  each  respective  bR/PDAC/QD  trilayer.  The 
QD  quenching  effect  is  further  exemplified  by  the  half  trilayer 
measurements,  which  correspond  to  the  addition  of  PDAC/bR 
on  top  of  the  previous  full  trilayer.  The  inset  in  Figure  6  shows 
the  quenching  effect  of  the  additional  bR  layer  on  top  of  the 
full  trilayer,  which  results  to  an  additional  20%  reduction,  on 
average,  to  the  QD  emission.  The  QD  quenching  effects  can 
be  attributed  to  a  combination  of  bR  absorption  in  the  QD 
emission  spectra  along  with  potential  fluorescence  resonance 
energy  transfer  (FRET)  between  the  QDs  and  bR  retinal. 
Future  work  will  focus  on  verifying  the  FRET  interactions 
along  with  characterizing  the  electrical  output  of  bR/QD  I- 
SAM  electrodes.  In  conclusion,  this  work  verifies  the  ability  to 
engineer  nanoscale  bR/QD  multilayered  films  utilizing  the  I- 
SAM  technique  and  allows  further  research  to  be  performed  on 
the  nanoelectronic  properties  of  the  bR/QD  system. 
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layer  assembly. 
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